Low scale inflation and the curvaton mechanism 
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The primordial curvature perturbation may be due to a 'curvaton' field, which dominates (or 
almost dominates) the energy density before it decays. In the simplest version of the curvaton model 
the scale of inflation has to be quite high corresponding to a Hubble parameter H > 10^ GeV. We 
here explore two modifications of the curvaton model which can instead allow inflation at a low 
scale, (i) The curvaton is a Pseudo Nambu-Goldstone Boson (PNGB), with a symmetry-breaking 
phase transition during inflation, (ii) The curvaton mass increases suddenly at some moment after 
the end of inflation but before the onset of the curvaton oscillations. Both proposals can work but 
not in a completely natural way. Also, the lower bound on the scale of inflation depends somewhat 
on the details of the framework used. Nevertheless, we show that inflation with H as low as 1 TeV 
or lower is possible to attain. 

PACS numbers; 98.80.Cq 



I. INTRODUCTION 

The primordial curvature perturbation is generated 
presumably from the perturbation of some scalar field, 
which in turn is generated from the vacuum fluctuation 
during inflation. The scalar fleld responsible for the pri- 
mordial curvature perturbation is traditionally supposed 
to be the inflaton fleld, i.e. the field responsible for the 
dynamics and, in particular, the end of inflation 1]. This 
'inflaton hypothesis' is economical, but it is quite difficult 
to implement and, if many scalar fields exist, it presum- 
ably is not particularly likely. An alternative is that the 
curvature perturbation is generated by a 'curvaton' field, 
which dominates (or almost dominates) the energy den- 
sity before it decays 0,13 (see also Q). According to this 
'curvaton hypothesis', the contribution of the infiaton to 
the curvature perturbation is negligible. This is espe- 
cially true if the energy scale of infiation is much lower 
than the scale of grand unification, which is the typi- 
cal requirement of the traditional inflaton hypothesis^. 
In fact, one of the advantages of the curvaton scenario 
is the relaxation of the constraints on the inflationary 
energy scale, which alleviates many tuning problems in 
inflation model-building and allows for the construction 
of realistic, theoretically well-motivated inflation mod- 
els 0. 

In the simplest version of the curvaton model though, 
the scale of inflation is still required to be quite high cor- 
responding to Hubble parameter H > 10'' GeV The 
purpose of this paper is to systematically explore some 
modiflcations of the curvaton model which can instead al- 
low inflation at an even lower scale. To be specific, we aim 
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for H ~ 10"^ GcV, which holds if the inflationary poten- 
tial is generated by some mechanism of gravity-mediated 
supersymmetry breaking which holds also in the vacuum. 

We begin by presenting some known bounds in a uni- 
fied notation. Then we consider two possibilities: (i) 
that the curvaton is a Pseudo Nambu-Goldstone Boson 
(PNGB), whose order parameter is increased after the 
cosmological scales exit the horizon during infiation but 
before the onset of the curvaton oscillations and (ii) that 
the curvaton mass increases suddenly at some moment 
after the end of infiation but before the onset of the cur- 
vaton oscillations. We conclude with a prognosis for the 
viability of low-scale inflation within the curvaton model. 

Throughout our paper we use units such that 
h — c = ks = I and Newton's gravitational constant is 
SttG = mp^, with mp = 2.4 x 10^* GeV being the re- 
duced Planck mass. 



II. THE BOUNDS ON THE SCALE OF 
INFLATION 

In this section we present four bounds on the scale 
of inflation, in terms of three parameters which encode 
possible modiflcations of the simplest curvaton scenario. 
These bounds have been presented at least implicitly in 
earlier works 0, H, but not in the unified notation that 
we employ. The advantage of this notation is that it will 
allow us to compare the bounds in various situations, 
establishing with ease which is the most crucial. The 
three parameters are 

• The ratio e = cr* /ctosc, where is the value of the 
curvaton field at horizon exit and Uosc is its value 
when it starts to oscillate. 

• The ratio / = Hosc/'fha, where i?osc is the Hubble 
parameter at the start of the oscillation and fii„ is 
the effective curvaton mass after the onset of the 
oscillation. 
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The ratio 6 = ^/Hosc/H^ where iJ, is the Hubble 
parameter during inflation. 



A. Curvaton physics considerations 

The observed value of the nearly scale-invariant spec- 
trum of curvature perturbations is Vc; — {5 x 10~^)^, 
which we denote simply by C^. In the curvaton scenario 
C is given 



(1) 



where fidcc < 1 is the density fraction of the curvaton 
density over the total density of the Universe p at the 
time of the decay of the curvaton: 
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and is the curvature perturbation of the curvaton field 
a, which is 
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(3) 



where 'osc' denotes the time when the curvaton oscilla- 
tions begin and 'dec' denotes the time of curvaton decay. 
In all the cases, which we consider, 
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(4) 



where '*' denotes the epoch when the cosmological scales 
exit the horizon during inflation. The above typically 
holds true because the curvaton (being a light field) is 
frozen during and after inflation until the onset of its 
oscillations. However, this does not mean that a^ ~ (Tosc 
necessarily. Indeed, in the case of the PNGB curvaton 
(case (i)), with a varying order parameter v, the curvaton 
field is associated with the angular displacement 9 from 
the minimum of its potential as 



V2v0 



(5) 



Therefore, even though after the end of inflation, 9 re- 
mains approximately frozen (the angular motion is over 
damped), we may have e ^ 1, where 



e = 



(6) 



because [cf. Eq. ©J = ewosc ''^osc- However, in this 
case too, for the curvaton fractional perturbation we find 



(7) 
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Now, for the perturbation of the curvaton we have 



Sa,: — 



2ti ' 



(8) 



Combining Eqs. © and ||SJ) we find 

^^osc - ll , (9) 

which means that, if the order parameter of a PNGB 
curvaton grows, the curvaton perturbation is amplified 
by a factor 

From Eqs. |^ and © we have 

(r!doc/C) (^^osc . (10) 

Using Eq. 0, we can recast the above as 



TreC 



(11) 



B. The main bound on the scale of inflation 

For the density fraction at the onset of the curvaton 
oscillations we have: 



P 



where 



and 



we 



used 

,2 



that {pa)c 



1 ~ ? 9 



(12) 



(13) 



and 



Pose — 3-ffose"^p- Here, rha denotes the effective 
mass of the curvaton after the onset of its oscillations. 
In the basic setup of the curvaton hypothesis this effec- 
tive mass is the bare mass rria. If this is the case then 
Too- = Too- — ffosc (i-G. / ~ 1). Howcver, in the heavy 
curvaton scenario (case (ii)), the mass of the curvaton is 
supposed to be suddenly incremented at some time after 
the end of the inflationary epoch due to a coupling of the 
form Ax^cr^ with a field x which acquires a large vacuum 
expectation value (VEV) at some time after the end of 
inflation. In this case = -I- A(x)^ « A(x)^ > i?ose 
(i.e. / « 1). 

Now, we need to consider separately the cases when 
the curvaton decays before it dominates the Universe 
(ildee ^ 1) or after it does so (l^doe ~ 1)- Note, that 
the WMAP constraints on non-gaussianity in the Cos- 
mic Microwave Background Radiation (CMBR) impose 
a lower bound on ildce, which allows the range [lOlll^ : 



0.01 < f7d 



< 1. 



(14) 



Because of the above bound we require that the density 
ratio Pa I P grows substantially after the end of inflation. 
Typically, in the curvaton scenario this does indeed take 
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place after the curvaton begins oscillating, but only if 
the curvaton oscillates in a quadratic potential during the 
radiation era. As it was shown in Ref. , if the curvaton 
oscillates in a quartic or even higher order potential, its 
density ratio does not increase with time (it may well 
decrease instead) and satisfying the bound in Eq. H14(l 
is very hard. Due to this fact, in the following, unless 
stated otherwise, we assume that at least a part of the 
period of oscillations occurs in the radiation era with a 
quadratic potential. Hence, we consider that H^cc ^ ^ini- 
We also consider the minimal scenario that the Universe, 
after the end of inflation, undergoes a period of matter 
domination (due to coherent inflaton oscillations) until 
reheating, when it becomes radiation dominated. 

Suppose, at first, that the curvaton decays before dom- 
inating the density of the Universe so that fldcc ^ 1- As- 
suming that the curvaton oscillates in a quadratic poten- 
tial, during the radiation epoch, its density fraction grows 
as p„/p oc H^^/'^ . Therefore, at curvaton decay we have 



fidcc ~ min |l, ^/Vini/Hosc^ 



rji J T"3 / 2 I '2 



(15) 



where we used Eq. (|12|l and also that pdoc ~ T^dcc with 
Finf being the decay rate of the inflaton field, which deter- 
mines the reheat temperature as Trch ^ VFjnf mp. Using 
Eq. 1)11(1 the above can be recast as 



'dec 



1/4 



max < 1 , 



1/4 



(16) 



\/^dcc \ -^osc / t -^inf 

where we used that T^^^ ~ Hdccmp- 

Now, suppose that the curvaton decays after it domi- 
nates the Universe so that fidec 1- Since (pcr/p)dom — 1 
by definition, using again that, during the radiation 
epoch, Pa/p oc H^^/^ and in view of Eq. H12I) . we obtain 



^^dom ^ min{_ffosc, Finf}/ ■* ( ) 

\mp J 



(17) 



where 'dom' denotes the time of curvaton domination. 
Employing again Eq. Hll|) . the above can be written as 



i?* ^ Tre( fmp 



1/4 



max < 1 , 



1/4 



(18) 



Combining Eqs. (|16|l and (|18|l we find that, in all cases 
„ ^j- "^P /max{i/dom,i?dcc}\^^^ 



V^dc 



X max < 1 



This can be rewritten as 



1/4 



(19) 



\min{i/osc,Finf} 



1/5 



or equivalently (using Vj'^^ ^ \/H^mp 



/ u \ 1/10 

v}'^ ~ n-^'" i til 

X |' l^a^{gdon.,gdcc} y/^°^^^^^^2/5(r^^^„^4^)l/5^(21) 



BBN 



where 'BBN' denotes the epoch of Big Bang Nucle- 
osynthesis (BBN) (Tbbn ~ 1 MeV). Now, according to 
Eq. (|14|l we have Odec ^ 1- Also, we require that the cur- 
vaton decays before BBN, i.e. -ffdcc > -ffeeN- Moreover, 
we also have Fjnf < H*. Hence, the above provides the 
following bounds 



> {neCfy/^{Ti^^m%y/^ ^ (e/)^/^ x 10^ GcV, 
K'/' > (7r£C/)'/'(TBBNm|,)i/5 ^ (e/)2/5 x 1012 GeV. 



(22) 

In the standard setup of the curvaton scenario e = f = 1 
and the above bounds do not allow inflation at low energy 
scales to take place j2|J. However, we see that if either e 
or / are much smaller than unity the lower bound on 
the inflationary scale can be substantially relaxed and 
low scale inflation can be accommodated. Still, though, 
there are more bounds to be considered. 



C. Other bounds related to curvaton decay 

Firstly, let us consider the bound coming from the fact 
that the decay rate of the curvaton field cannot be arbi- 
trarily small. Indeed, in view of the fact that the curva- 
ton interactions are at least of gravitational strength, we 
find the following decay rate for the curvaton 



m. 



(23) 



where > 1. 

Suppose, at first, that the curvaton decays after the on- 
set of its oscillations, as in the basic setup of the curvaton 
scenario. In this case, F^^ < i?osc a-nd i?dcc = T^. Using 
the fact that max{iJdom, Fo-} > F^r, Eq. suggests 



max{iJdoin,-gdGc} 

HqsC 



mp 



(24) 



Including the above into Eq. ()19|l the latter becomes 



u ^ / / n "^P f Hosc\ f. Hose 



1/2 

>, (25) 
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which results in the bounds 



> {-KeCf^/f 5^ mp - x 10" GeV, 

Vl''^ > TTeCf^/^Smp - x GeV , 



(26) 



where we have defined 



< 1 



(27) 



In the case of a PNGB curvaton (case (i)) we see that 
the bounds in Eq. 1)26(1 are drastically reduced with e, 
compared with the bounds in Eq. (|22|l . This is not so 
in the heavy curvaton case (case (ii)), where it is also 
possible that 5 is not very small. 

Now, provided we demand that the curvaton field does 
not itself result in a period of inflation, we see that the 
curvaton cannot dominate the Universe before the onset 
of its oscillations. This results into the constraint 



P 



<1 ^ m,<^e(:5^^ ^ f>P^ 



where we used Eqs. ((ni), 1121), CSIl and (123 ■ Inserting 
the above into Eq. (|25|l we obtain 

> laineCfS" ^ max{l, i/osc/Tinf} , (29) 

^ 'dec 

which results in the bounds 



> {ireO^SSnp - e^S* x 10^ GeV, 



(30) 



A similar bound is reached with the use of the upper 
bound on mo- 



2x1/3 



(31) 



which comes from Ta < -ffosc and the Eq. 1(23(1 , instead of 
the bound in Eq. ((28(1 . Inserting the above into Eq. I(25() 
one finds [cf. Eq. ^] 

> lai^eCfS^ ^ max{l, H,,jV,,,if'^ , (32) 



3/2 
dec 



which, again, results into the bound in Eq. 1(30(1 . as it was 
suggested in Ref. 

In the heavy curvaton scenario (case (ii)) we have e — 1 
and also -Hose — minjiJpt, mo-}, where Hpt corresponds 
to the phase transition which increases the effective mass 
of the curvaton. Then, ii S ^ 1, the bounds in Eq. I(30() 
are not possible to be relaxed below the standard case 
discussed in Ref. ^ despite the fact that we may have 



/ ^ 1 in Eq. ((22(1 . Therefore, in the heavy curvaton sce- 
nario we require (5^1, i.e. the onset of the curvaton 
oscillations has to occur much later than the end of in- 
flation so that i?* 3> Hose > To-- In this case, as can be 
seen in Eq. 1(30(1 . it is easy to lower the bound on the in- 
flationary scale even for a not-so-small value of S. This is 
a very nice feature of this scenario. Note also, that in the 
case of a PNGB curvaton (case (i)) -ffosc ~ Wo- ^ H^, and 
S is very small necessarily. Because, in this case, e ^ 1, 
it is straightforward to see that the bounds in Eq. II30() 
are much weaker than the bounds in Eq. ((22(1 . 

As it was pointed out in Ref. 0, the sudden incre- 
ment in the curvaton mass might lead to a growth in 
the curvaton decay rate enough for > Hpt- This 
would force the curvaton to decay immediately and we 
can write -ffose -Hpt ~ ^dec- Obviously, in this case we 
cannot have i?doe < ^dom and there is no period when 
Pa/p oc H^^/^ . This means that {pa/p)osc ^ ^dcc- Using 
Eqs. (fTT)l and ((T^ it is easy to flnd 

mp 



(33) 



dec 



which results in the following bounds 



-H* > TTsCfmp - e/ x 10^'' GeV, 
K^^"* > V^FECJmp - (e/)i/2 X IQi^ GeV. 



(34) 



It is evident that the above bounds may challenge the 
COBE constraint for the curvaton scenario 6] and may 
lead to excessive curvature perturbations from the infla- 
ton field if e and/or / are not much smaller than unity. 

Note, that the bounds in Eq. ((34(1 are, in general, 
valid in the case when ffdec > Tinf because, in this case 
[pa/ p)osc ~ f^dec- Indeed, combining Eqs. ((19(1 and II33() 
we obtain the generic condition 



^, mp ( max{i?dec, ^^dom} \ 
7Te(f „ — = I I X 



X min < 1 



1/4 



max < 1 



Ho 



1/4 



(35) 



The bounds in Eqs. ^T^, and provide the 

basis for our investigation, leaving the fourth bound in 
Eq. 1(34(1 to be considered in a companion paper [l3| . 
As a matter of completeness we have considered all the 
other possible bounds coming from the requirements that 
To- < ijia and iJdoc > -Hbbn- We have found that these 
bounds lead to consistent and/or weaker constraints than 
the above four. 



III. THE CASE OF A PNGB CURVATON WITH 
A VARYING ORDER PARAMETER 

We discuss here the case of a pseudo Nambu-Goldstone 
boson (PNGB) as curvaton. Such a curvaton has the 
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additional advantage of being protected by the (approx- 
imate) global U(l) symmetry, which means that its flat- 
ness can be protected by the effect of supergravity cor- 
rections. Candidates for such a PNGB curvaton have 
been discussed in Ref. However, in contrast to those 
models, we consider a PNGB curvaton, whose radial field 
has a larger expectation value in the vacuum than at the 
time when the cosmological scales exit the horizon during 
inflation. Thus, the potential for the curvaton field cr is 



' G 

-COS I — 
. V 



where v = vif) is the expectation value of the radial 
field and rh^ = fha{v) is the mass of the curvaton at a 
given moment. In the true vacuum we have v — vq and 
rha = ma with vq being the VEV of the radial field and 
Too- being the mass of the curvaton in the vacuum. 

To simplify our study we assume that the curvaton 
mass has already assumed its vacuum value before the 
onset of the curvaton oscillations. This means that at 
the onset of the curvaton oscillations v —^ vq and the 
mass of the curvaton has its vacuum value nia-. We fur- 
ther assume that nicr < -ff* so that the oscillations begin 
after the end of infiation (were it otherwise the curva- 
ton density would be exponentially diluted). Therefore, 
the curvaton oscillations begin when i?osc ~ Wcr, which 
means that / ~ 1 and (5 <C 1 [cf. Eqs. 1^3) and re- 
spectively]. Consequently, in view of Eqs. H22|l . H26|l and 
()30|l . we find that the most stringent lower bound on the 
scale inflation is given by Eq. H22|) ^. 

Since / ~ 1, the only way one can obtain low-scale 
inflation is a very small value of e. However, e cannot be 
arbitrarily small. In fact, we may obtain a lower bound 
on e as follows: 

< 1 ^ e> = — , 37 

where we have used Eqs. (O, © and ||SJ| and that 

O'osc < Vq. 

Another bound on e can be obtained with the use of 
Eq. H28|l . which can be recast as: 



^ / ^dcc rTi(j 



(38) 



Comparing the two bounds we find that e,,,^, > e' can 

^ o MIN MIN 

be ensured if 



■uo < (ttC) ^^Ijnp 



which is always satisfied for vq < 10^* GeV. For larger 
values of vq the bounds are comparable but only if mo- 
is not much smaller than H^. Indeed, it is easy to see 



that, if rricr < 10~*i?* then the bound in Eq. is the 
tightest for all vq < mp. Therefore, in the following we 
will consider e„j^ as the appropriate lower bound. 

From Eqs. H22|l and (|37|l and after a little algebra it is 
easy to get 



yV4> ( io-i3GeV^ff.> ) lO-^^GeV, (40) 



which means that, in principle, the larger vq is the 
smaller v}^'^ can become. For example, if vq ^ 10^*^ GeV, 

1 /4 

then 14 ' can become as low as TeV. In practice, how- 
ever, such low values for the lower bound are difficult to 
attain. 



A. Constraining the evolution of the radial field 

We now turn our attention to the evolution of the ra- 
dial field, which determines the value v{t) . We will denote 
the radial field with (p. The value of (p during infiation 
determines , while its VEV is wq. 

At first it may seem that all that is required is that 
the radial field (j) has a much smaller value , when the 
cosmological scales exit the horizon during infiation, than 
its value vq at the onset of the oscillations of the curvaton. 
How (j) changes from to vq seems not to be important. 
However, it turns out that there is indeed an important 
constraint on the behaviour of the radial field, coming 
from the requirements of the spectral index of density 
perturbations^. 

Roughly, the reason is the following. The amplitude 
of the density perturbations is determined by the mag- 
nitude of the perturbations of the curvaton field, which, 
in this scenario, apart from the scale of i/* is also de- 
termined by the amplification factor e^^. The latter is 
determined by the value of the radial field when the cur- 
vaton quantum fiuctuations exit the horizon during in- 
flation. A strong variation of the value of the radial 
field results in a strong dependence of e{k) on the co- 
moving momentum scale k, which would refiect itself on 
the perturbation spectrum threatening significant depar- 
ture from scale invariance. 

Let us quantify this. By definition the spectral index 
of the density perturbations is 



1 



d\D.{5p/ p) 
d\nk 



(41) 



(39) Now, since 

Sp/P ~ f C and C oc Co [cf. Eq. (HJ] we find 



dlii{dp/p) = dlii{6aosc) 



(42) 



where we used Eq. (|3Jl and considered that ctosc does not 
have a scale dependence. In view of Eq. 0, Eqs. H41|) 



^ Note that, in this case, the bound in Eq. I.34i is not appUcable 
because -ffjcc ~ < Ht . 



^ We thank C. Gordon for reminding us of this issue. 
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and H42|l show that the contribution of the running of the 
amplification factor to the spectral index is 



1 = 



d\iie{N) 
dN 



(43) 



where N is the number of remaining e-foldings of infla- 
tion and we ignored the other contributions coming from 
the variation of H and also from the curvature of the 
curvaton potential. 

Using Eqs. ||SJ and (|SJ) we see that e — w*/fo- Hence, 
since the observational bound on the spectral index is 
In., — 11 < 10~^, we find the constraint 



d\nv{N) ^ 2 
dN 



(44) 



where we used that v is determined by the value of the ra- 
dial field v{t) = 4>{t) and that vq is a constant. From the 
above we realise that, in order not to violate the obser- 
vational constraints regarding the scale invariance of the 
density perturbation spectrum, the roll of the radial field 
has to be at most very slow when the cosmological scales 
exit the horizon. However, the slow roll of cannot re- 
main so indefinitely because we need vq 3> w* to have sub- 
stantial amplification of the perturbations (i.e. e ^ 1) 
and this has to be achieved in the remaining < 60 
e-foldings of inflation. Only then can the lower bound 
on the inflationary scale be substantially relaxed. Con- 
sequently, (j) has to increase dramatically at some point 
after the exit of the cosmological scales from the horizon. 
This requirement is crucial for model-building. 



B. Concrete examples 

In this section we examine three specific scenarios for 
attaining low scale inflation. In each scenario we study 
the evolution of the radial field during infiation, estimate 
e and determine the lowest allowed inflationary scale, 
which, according to Eq. 122() . is given by 



X 10^ GeV . 



(45) 



There are two ways of obtaining e < 1. One way is to 
identify v with the minimum of the potential and assume 
that has reached it before the cosmological scales exit 
the horizon during inflation. This works only if V{'f>) 
changes with time and, in particular, after the cosmolog- 
ical scales exit the horizon. Such a shift of the minimum 
of 1^(0) is realisable if, for example, the radial field is cou- 
pled to some degree of freedom that changes value during 
infiation (e.g. the infiaton field itself). Another way of 
obtaining e < 1 is to identify v{t) = (j){t) and consider 
that (f>{t) is evolving during inflation, rolling toward its 
minimum but not having reached it yet, when the cosmo- 
logical scales exit the horizon. In the following examples 
we employ both methods. 



1. Symmetry breaking during inflation 

We consider first the case that (j) is initially held at 
the origin by an interaction with the infiaton field, being 
destabilised only when the infiaton field passes through 
some critical value^. This situation differs from the hy- 
brid inflation mechanism only in that the would-be wa- 
terfall field (j) is not responsible for the bulk of the in- 
fiationary potential, but instead is responsible for only 
a small fraction of it. The situation was actually de- 
scribed first a few years before hybrid inflation ^17] . the 
motivation then being the possibility of creating cosmic 
strings on cosmological scales (for a related situation see 
also Ref. 0|). To avoid misunderstanding, we emphasise 
that we allow inflation to be either hybrid or non-hybrid, 
it makes no difference to our considerations. 

Due to the constraint from the spectral index we need 
the roll of the radial field to be slow at first, so that 
Eq. 1)44(1 is satisfied when the cosmological scales exit the 
horizon. However, we need the roll to accelerate later 
on so that the final value of (j) can be much larger than 
Therefore, we consider an effective running mass 
model for the radial field with V{(f)) ~ -^m'^{(j))(j)'^ . The 
effective tachyonic mass m^{(j3) is such that, when the 
cosmological scales exit the horizon m^{4>i,) ^ iJ* and cj) 
undergoes slow roll. However, at later times and near the 
VEV of (f) we require m^{vo) 3> -ff* so that the total roll 
of (f> after the exit of the cosmological scales is substantial. 

To study this scenario we introduce the following toy- 
model: 



4 m A 



(46) 



where n > 1. The above choice of model is somewhat 
contrived. Firstly, in a supersymmetric context a neg- 
ative quartic term in the scalar potential can be gener- 
ated only with the aid of additional fields (e.g. see 19]). 
Moreover, the quadratic term seems to be absent, which 
implies that supergravity corrections of order ~ zLH^cj)^ 
to this potential must be suppressed and also the soft 
mass of the radial field must satisfy the bound 



(47) 



so that, since > H^, ^, the soft mass term contribu- 
tion is negligible to the potential, when the cosmological 
scales exit the horizon. Note, however, that, if the radial 
field is kept originally at the origin due to an interaction 



* Another possibility is that </) is locked on top of its potential hill 
by being coupled to an oscillating scalar field during inflation 
Il5l . Further, the local maximum can be a point of enhanced 
symmetr y fo r the radial field, which may be originally trapped 
inside it Il6l . 

^ The field is considered to be originally displaced from the top of 
the potential hill by its quantum fluctuations. 
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with the inflaton, then, immediately after the phase tran- 
sition which releases the radial field, the soft mass term 
is almost canceled by the interaction term. 

Despite the above peculiarities, let us see how such a 
model performs. The VEV of (f) is 

vo - Ai/"mp , (48) 

which means that 

Vo - A("+^)/"to|, . (49) 
The effective tachyonic mass of the rolling (/> is 

ml{<j><vo)c^i\4>\ (50) 

The mass of 4> in the vacuum is 

~ A("+2)/2»„ip . (51) 

Hence, for the above model to work we need that 
4>* ^ 4>c, where 



0, ~ iJ/VA , 



(52) 



is the critical value of the radial field where the field 
ceases to be light, i.e. m^{(j)c) ~ H. Obviously we also 
need 4>c < vq. The field must reach 0c before the onset 
of the curvaton oscillations, but not necessarily during 
inflation. In all cases, though, it is easy to show that the 
slow roll of the field results in 

0* 0c , (53) 

that is, the field is almost frozen during slow roll. In 
contrast, after (j>c has been reached the field rushes to its 
VEV in less than an e-folding (or equivalently a Hubble 
time). 

Now, in order to avoid inflating the Universe due to 
the radial field, we require 



Pc > Vo 



4>c > \/vomp ^ y?!'' 



mp , 



(54) 



where pc is the density of the Universe when the 
radial field reaches the value 0c and we used that 

y(0««o)-^^o. 

Let us now estimate the amplification factor for the 
curvaton's perturbations. The value of e is determined 
by the radial field and is estimated as 



Vo Vo 



(55) 



In view of Eqs. (|48|) and H54|l we find that the minimum 
accessible value is 



(56) 



Note that, since ipc^ H^,, we always have Emin > Emin 
[cf. Eq. 1371)]. 

From the above, we see that a low inflationary scale 
can be accommodated only with very small values of A. 



For example, inflation with 1 TeV can be attained 

only with A < 10^^". As already discussed when this toy 
model was introduced, this is only one tuning problem of 
many. 

For soft mass of order 1 TeV the above, in view of 
Eq. (|47|l . implies immediately that i?* > 1 TeV always. 
In fact, using 10^ GeV, Eqs. (gTl and 

suggest that 



35T1 + 24 

lOTTTTs- GeV. 



(57) 



For n = 2 this suggests Hnun 10^ GeV with A - lO"*, 
whereas for n = 4 we readily obtain Hmin ^ 10^ GeV 
with A ~ 10^^. Note that, for very large n (which, 
from Eq. (|48|l . is equivalent to vq ^ mp), we regain 
Hnun - 10^ GeV. 

Hence, even though somewhat contrived, this toy 
model shows that the PNGB mechanism for amplification 
of the curvaton's perturbations can indeed in principle 
work in the sense that the lower bound on the inflation- 
ary scale may be relaxed. Of course, in the symmetry 
breaking case considered here, it seems that the radial 
field must be a flat direction, protected by supergravity 
corrections. One then wonders why is it that the radial 
field itself is not considered as a curvaton candidate, as 
in Ref. 20]. 

An interesting variant of the above is considering 
a model based on the non-supersymmetric Coleman- 
Weinberg potential (21j : 

Vi<^) = \x4>^{l.M-\)+^^Xvt (58) 

which, for (j) ^ vq corresponds to a negative quartic po- 
tential (this could be thought as the n = case of the 
above). 

This time we find 



Vo = 1/(0 = 0) 



1 

16' 



:Xvf, 



The effective mass of the rolling is 



< Vo) 



l3 + ln(l0l/z;o)lA02 



3Xvl 



(59) 



(60) 



where rh^ is the mass of in the vacuum. 

From Eq. H60|l it is evident that the critical value 0c, 
corresponding to the end of slow roll of the radial field, 
is the same as given in Eq. (|52|l . Then, we readily obtain 
the constraint 



Pc > Vo 



4>c > vl/mp 



(61) 



Note that the above are equivalent with Eqs. (|49ll . 150|l . 
(|5T|l and ifSH) with the substitution: vo X^/'^m.p [cf. 
Eq. gHJ]. 

Working in the same manner as previously, we find 
that 



Vo 



Vo 
mp 



(62) 
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which, when inserted into Eq. H45|) gives 

i?mi„ - («o/mp)4/^ X 10^ GeV. (63) 

Hence, a relatively small value of vq can substantially 
relax the lower bound on the inflationary scale. For 
example, considering that vq is the Peccei-Quinn scale 
i;o 10^2 GeV, one obtains i/min - 100 GeV. 

2. Smooth curvaton 

We turn our attention now to a more realistic sugges- 
tion, which facilitates the variation of the radial field (j) 
through a coupling to the inflaton field s. What we have 
in mind is a model similar to smooth hybrid inflation |22| , 
where the i^-term scalar potential is of the form 



(64) 



where fx is some suitable mass scale. In contrast to 
smooth hybrid inflation we will consider that the vacuum 
energy responsible for inflation is not due to the above 
contribution to the scalar potential but due to some other 
s-dependent potential Vg such that 



(65) 



The full scalar potential of the radial field must also 
take supergravity corrections into account. Considering 
super gravity corrections, we have 



where 



TOoff max{ff, m^} , 



(66) 



(67) 



being is the soft mass of the radial field and where we 
have assumed a negative effective mass-squared because 
the opposite case would send to zero and render the 
angular field (the curvaton) unphysical. 

Suppose, at first, that the contribution to the effec- 
tive potential due to supergravity corrections is negligi- 
ble. This is so only if 



TOcff < 



mp 



(68) 



In this case the scalar potential for our radial field 
is the one shown in Eq. (|64|l . Assuming that during 
inflation attains the value vp which minimises Vp, we 
have (j) ^ vp, where 



fimp/ s 



s > ^fimp 



Vp 



(69) 



Therefore, provided Vs{s) is such that the inflaton field 
s is decreasing with time during inflation and also if 



s* ^ y/Jmip, we could have a gradual increase of (j) due 
to the roll of s, after the cosmological scales exit the hori- 
zon. If the inflaton slow rolls then it is easy to see that 
the radial fleld will slow roll as well, in accordance to the 
requirement in Eq. H44|l . However, this is a drawback 
of this scenario because it cancels one of the advantages 
of inflation model-building under the curvaton hypothe- 
sis; that one can have fast-roll inflation, which does not 
require a flat direction for the inflaton field 0, |2|| . 

Thus, in this case we may achieve an amplification fac- 
tor e^^ for the curvature perturbations given by 



vp{s^) y/JImp 



< 1 . 



(70) 



The above implies that low-scale inflation may indeed 
be achieved with a suitable value of /z. The minimum 
allowed value of s is determined by the requirement in 
Eq. (|68|l . which, when considering that (p ^ vp as given 
by Eq. suggests 



mp 



M V M 



(71) 



Inserting the above into Eq. (|45|l and considering that 
moft ~ H one finds the condition 



i^minM' - (10^*' GeV)7 



(72) 



Hence we see that iJmin is very sensitive to the value of 
/i. Bounds on the allowed range for /i are obtained as 
follows. 

Firstly one needs to satisfy the bound in Eq. H65|) . As- 
suming (j) ^ Vp during inflation we immediately obtain 
that 



Vp{(t> Vp) 



s > ^\xmp 



(73) 



\rs jmp , s < y/JIml 



Hence, we see that, (Vp)* ~ which implies the upper 
bound 



(74) 



A lower bound on /i is obtained from Eq. H68|l . when 
one considers 0* ~ wp(s*) for s* > ^/JjmTp. Thus, one 
obtains the bound 



(75) 



Note that, in view of Eq. H71|l . satisfying the above bound 
guarantees that Emin < 1- 

Eqs. H74|l and (|75|l result in the following allowed range 
for /i: 

10.67 < log(^/ GeV) < 11.13 . (76) 
Using Eq. ((7^ , the corresponding range for i/min is 

10^ GeV < i/min < 10^ GeV . (77) 
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The above result shows that relatively low-scale infla- 
tion can be achieved in this case with the lowest scale 
^^min corresponding to the highest value of fi in the 
range shown in Eq. I|76|) . We also found that we need 
/i Ri 10^^ GcV for this scenario to work, which suggests 
that the VEV of cj) may be comparable to the scale of 
grand unification vq ~ 10^^ GeV ^. 

Here we should point out that there is another con- 
straint that needs to be satisfied. We have to ensure that 
the coupling between the radial field and the inflaton field 
does not destabilise the slow roll of the inflaton, which is 
necessary for the spectral index bound in Eq. (|44|l to be 
satisfied, since the variation of is determined by the roll 
of the inflaton. Therefore, we need to ascertain that the 
mixed term in the scalar potential does not contribute to 
the effective mass of the inflaton enough for slow roll to 
be disturbed, i.e. 



(1)1 /mj, < 



TOoff 



(78) 



Comparing the above with the requirement in Eq. I|()8|) 
we see that it is possible to satisfy the above provided 
Eq. ()75(l holds. Then, using that 0, ~ wf(s*) ~ /imp/s, 
we find that the slow roll of the inflaton is not disturbed 
provided s > s/, where 



mp 



1/3 



(79) 



Note that, by virtue of Eq. H75|l . ^/JTrnp < Sf < mp. 
Therefore, in the range Sf < s < mp the inflaton slowly 
rolls toward the origin resulting also in the slow roll of 
as required. When the inflaton reaches the value s f slow 
roll inflation is terminated and both s and (j) rush toward 
their VEVs (unless the slow roll is interrupted earlier due 
to the form of Vs{s)). 

Let us now consider the case when the supergravity 
corrections are not negligible. This case corresponds to: 



TOoff > 



JMj>_ 

mp 



Then the scalar potential can be approximated as 



V{(b) ^Vo- mif,^' + 



08 06^2 
4 ' 4~ ' 

mp mp 



(80) 



(81) 



where Vq is introduced to avoid negative contributions 
to the energy density, when (f> assumes its VEV. The 
minimum of the above potential is given by 



Ves ~ <; (82) 
{mcs/mp^/^mp , s < (mcffmp)^/^ 



This time the VEV of (f> is reached only when H reduced 
below the soft mass so that 



rUeS 



m^ =^ vo {m^/mpy/^mp 



(83) 



For m0 ~ 1 TeV we have vq ^ 10^^ GeV. It is easy to 
see that the effective mass of the radial field is given by 
mcff ~ H, which means that the field is driven to the 
minimum (f) — + VcS in less than an e-folding. 

From the above we see that, if Vs{s) is such that the in- 
flaton field s is decreasing with time during inflation and 
also if s* ^ {H^m'j,y/'^ , then we could have a gradual in- 
crease of (j) due to the roll of s after the cosmological scales 
exit the horizon. However, when s < {H^:m'^pY/^ the in- 
crease of ~ Veff is halted. In fact, after the end of infla- 
tion VcS starts to decrease because VcS oc rn^g^ ^ H^/'^{t) 
until H ^ mip when <j) assumes its VEV wo. This stage of 
decrease of v is counter productive as it increases e. 

This time, considering that cf) ~ Vcf^^ we find 



mp 
m^ 



1/3 



Since we have < mp the above suggests 



(84) 



(85) 



where we assumed m^ ^ 1 TeV. 
Eq. H45|) it is easy to find that 



Inserting this into 



10^ GeV 



(86) 



Therefore, in this case it is again possible to lower some- 
what the scale of inflation although this reduction is not 
dramatic^. 

Let us discuss briefly a few considerations regarding 
this case. At first, it is interesting to obtain the value of 
V{vcs) and compare it with V■^, as was done in Eq. H74(l 
for the previous case. This time, setting V{vq) to zero, 
we find 

/ \ 

~ — {m^mpf ~ (10« GeV)4 < V, . (87) 
\mp J 

From the above it is evident that the contribution of the 
radial field to the total energy density during infiation is 
negligible as required. 

Regarding the slow roll of the infiaton, using 
that (j) ~ Wcff it is straightforward to show that 
(f>^/mp < TO^g ^ during inflation and, therefore, the 
slow roll of the inflaton is not disturbed. How- 
ever, when s reduces below (meffTOp)^/'^ we have 



Using Eqs. I71i and I72i it can be easily shown that 
Emin ~ 10'*(-H'n,in/10ifGeV)2/3, while from Eqs. 03, inni and 
ITCl one readily obtains that e„j„ ~ 10-'*(i?min/10^'' GeV). 
Hence, £min S> ^MiN always. Note also, that, in view of the above 
and Eqs. and GHJ we find e' ~ r2dec£MiN < ^min • 



^ From Eqs. 11^71 and 18^ it is easy to see that 

^MiN ~ 10^(-ffinin/mp). Comparing this with Eq. 1851 it is 
straightforward to show that Emin 3> ^min always. Moreover, 
using Eqs. ^3 and ^ we find e' ~ 10-lr2dcceMiN < ^min- 



10 



6/4 



and the slow roll of both the in- where we assumed 



flaton and our radial field is terminated. Thus, this time 



3/ ~ (meffm|,)i/3. 



(88) 



Finally, lets discuss also the value of ji in this case, /i 
has to satisfy the constraint in Eq. H80|l. Using Eq. H82(l 
and taking (p ^ v^s it is easy to show that this constraint 
is always satisfied ii n < {H'^^^mp)^/^ ~ 10^° GeV. For 
a given iJ* > iJmin one can find a lower bound on /i, 
above which the supergravity corrections are always 
subdominant. Indeed, considering also that s* < mp, 
Eqs. and suggest that the supergravity cor- 

rections cannot dominate for /i > ^/iT^/mp. Since this 
would also imply that V{(j}) would dominate even if 
the supergravity corrections are negligible, we see that 
fi > \/H^mp is excluded. The intermediate range of val- 
ues for /i may allow a transition between the two cases 
during inflation. 

To sum up, in the case of the "smooth curvaton" we 
have seen that, for rather natural values of the parame- 
ters, a moderate decrease of the inflationary energy scale 
is indeed possible. However, the model suffers from one 
disadvantage; namely that inflation has to be of the slow- 
roll type. 



3. The curvaton and the waterfall field 

As a final example we consider hybrid inflation p^ . 
which, apart from the inflaton field s, introduces another 
so-called "waterfall" field <i>, which is responsible for the 
inflationary vacuum density. During inflation $ is kept at 
the origin due to its interaction with the inflaton. How- 
ever, after the inflaton decreases below a critical value, 
$ is destabilised; it leaves the origin and rolls rapidly to 
its VEV M. At this point inflation is terminated. 

In our example we consider a negative coupling be- 
tween our radial field and the waterfall field of the sort 
that appears in models of inverted hybrid inflation [19| |. 
This means that we will use the following scalar poten- 
tial: 



in+4 



(89) 



where n > 0. The minimum of the above potential is 
located at 



l/(n+2) 



(90) 



Since the effective m ass of the radial field is 
m0($) ^ i/m^jj + g2<i)2 > ^^^^ > jj [cf. Eq. ^7^] we ex- 
pect (j) to roll toward v in less than an e-folding. 

During infiation $ = 0, while after inflation $ — M . 
Therefore, using Eq. H90|) it is straightforward to show 
that 



Wo 



TOcff 

gM 



2/(n+2) 



(91) 



g > mcs/M , 



so that e < 1. Using that e^^j 
then Eqs. (jHOI) and ((HU give 



(92) 

Hn,in/V0 [cf. Eq. (EH)], 



mp 



l/(n+2) 



(93) 



Typically in hybrid infiation the infiationary vacuum 
density is determined by the VEV of the waterfall field 
$. Therefore, we will consider 



aM /mp 



(94) 



where a < 1 is a numerical coefficient. In certain super- 
symmetric realisations of hybrid infiation psf a is ex- 
pected to be close but smaller than unity, i.e. a < 1. 
However, in supernatural or running-mass hybrid in- 
flation [2^1 the VEV of the waterfall fleld is typically 
M ~ mp with ^ 10^"'^ GeV, which suggests that a is 
extremely small; a ^ 10""^°. 

Inserting Eqs. and into Eq. we obtain 



M 
mp 



> 



10 



-11 



( 



a \ gM 



8/5(n-|'2) 



(95) 



Now, during inflation it is easy to show that V{v) ~ Vq, 
where 



Vq 



-22 



J'M' ( ^ 
\gM 



2ri/(n+2) 



(96) 



with ?7i0 = 7710 ($ = M) being the mass of 4> in the vac- 
uum. To ensure that the density of the radial field is sub- 
dominant during infiation we, therefore, require > Vq. 
Employing Eqs. (|94|) and (|96|l this requirement becomes: 
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n+4 



n+2 



M 

mp 



(97) 



Incorporating the above into Eq. H95|) and using Eq. I|94l) 
we find: 



mp 



> 



10 



-55 



mp 



8 
1 + 2 



(98) 



Remarkably, Eq. H98(l shows that the lower bound on the 
infiationary scale is independent of a, that is of the VEV 
of the waterfall field. In view of Eq. H67|l . we obtain 



176 

10 (5i. + 6)(Ti + 4)+4n 



10^ GeV X 



10 (5,i + 28)(,i + 2) 



77 > 1 



77 < 1 



, (99) 



where we have used that i?min < "7^ ^ 10"^ GeV if 
n < a/52 — 6 ~ 1. From the above we see that, for 77 = 0, 
^^min can be as low as i/min ^ 10 GeV. Therefore, low 
scale inflation is indeed attainable. However, the lower 
bound on i/min increases with 77 as can be seen in Fig. ^ 
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log(Ff"VGeV) 



10 
n 



FIG. 1: Plot of log(//r'"/ GeV) with respect to n in the 
case of a PNGB curvaton whose radial field is coupled to the 
waterfall field of hybrid infiation. It is evident that the larger 
the n is the tighter the lower bound on the infiationary scale 
becomes. 



with the upper bound corresponding to iymin- For ex- 
ample, for ^ 1 TeV and a ~ 1 the allowed range 
of g is 10^^ < g < 0.01 - 1. Note, however, that, for 
a 1, g is bounded from above as g < a^/'*. Indeed, for 
I TeV and M mp we have g < 10"^ for n = 0. 
Since, in this case, the radial field is probably a modulus, 
such a weak coupling is expected. 

Due to the interaction between the radial field and the 
waterfall field it is possible that the mass of the PNGB 
curvaton can suddenly increase at the end of inflation. 
This may result in / < 1 and one may wonder whether 
further relaxation of the lower bound on the inflationary 
scale is possible. However, as we have already discussed 
[cf. Eq. (1201], the bound on cannot be relaxed, even 
with / ^ 1, if (5 ~ 1 as is clearly the case here. 

To summarise, we have shown that coupling the radial 
field to the waterfall field of hybrid inflation may allow 
low scale inflation with iJ» ~ 10 GeV at best. This is 
quite a satisfactory result and corresponds to a rather 
realistic scenario, since hybrid inflation is well motivated 
by particle theory. Moreover, in contrast to the "smooth 
curvaton" example, we do not require slow roll inflation 
because, in this example, the radial field does not roll at 
all during inflation. Hence, one may have fast-roll hybrid 
inflation as discussed in Ref. |23|. The only potential 
difficulty is arr ang ing for the coupling to be negative (see, 
however, Ref. 



In view of the above results, it can be readily checked 
from Eq. that e » always^. 

There is one more condition which we need to verify. 
Comparing Eqs. H92I) and (|97|l we find the condition: 




(100) 



For > we have mcff ~ i?* and, in view of Eq. (|94|l . 
the above is equivalent to -ff* < mp, which is readily 
satisfied. For iJ, < m^, however, one needs to check 
the above condition for a given soft mass m^. Using 
~ 10'^ GeV we find that the above condition is equiv- 
alent to 

> lO^^^'^^mp . (101) 

It can be checked that the above lower bound is less strin- 
gent than the ones appearing in Eq. (|99|l and, therefore, 
Eq. (|100|l is always satisfied, which means that there is 
always some available parameter space for g. Indeed, 
from Eqs. (|!?^ and is is easy to find the range of g 
for a given : 

(^) ^<^< m , (102) 

V -H* / mp ^OL \mp J 



One can also show that e > e' ... for all n. 



IV. THE CASE OF A HEAVY CURVATON 

In this section we are going to considered the so called 
"heavy curvaton scenario" where an increment on the 
curvaton mass, at some moment after the end of inflation 
but before the onset of the curvaton oscillations, leads to 
a huge decrease of the inflationary scale through the at- 
tainment of a very small parameter 5 [cf. Eq. (|30|) ]. We 
will do so by the implementation of a second infiation- 
ary period following the idea first presented in |^. We 
identify this second infiationary period as the thermal in- 
fiation one which triggers the increment on the curvaton 
mass when the flaton fleld, that responsible for the gen- 
eration of the thermal infiation era, rolls down toward 
the minimum of the potential. 



A. The thermal inflation model 

Thermal infiation was introduced as a very nice mech- 
anism to get rid of some unwanted relics that the main 
inflationary epoch is not able to dilute, without affect- 
ing the density perturbations generated during ordinary 
inflation. As its name suggests, thermal inflation relies 
on the finite-temperature effects on the "flaton" scalar 
potential. A flaton fleld could be defined as a field with 
a mass of the order 10"^ GeV, coming from the soft su- 



12 



persymmetric contributions^, and a vacuum expectation 
value M much bigger than 10^ GeV IM After 
the period of reheating following the main inflationary 
epoch, the thermal background modifies the flaton poten- 
tial trapping the flaton field at the origin and preventing 
it to roll-down toward M [sH l8ll | . At this stage 



P 
P 



-V 



PT, 



(103) 

making the condition for thermal inflation, p -t- 3P < 0, 
valid when the thermal energy density px falls below 
Vo, which corresponds to a temperature of roughly Vq^'^. 
Thermal inflation ends when the finite temperature be- 
comes ineffective at a temperature of order m^, so the 
number of e-folds is 



The A term is the one which will increment the mass of 
the curvaton field when the fiaton acquires its vacuum 
expectation value at the end of thermal inflation. 

Let's assume that the usual inflation and its corre- 
sponding reheating have already happened, so that the 
flaton and the curvaton fields are embedded into a radi- 
ation bath. Therefore, even when the minimum of the 
potential is located at % = M^{a,,) ^ and ct = 0, x is 
trapped at the origin because of the finite-temperature 
effects and \ a \= ^ because m„ < H < H^. Thus, 
the value of the scalar potential at this stage is: 



V{x = 0,a = a,) = Vo 



2 2 



with 



(110) 



N 



In 



In 



flcnd \ 


= In 


flstart / 






1 . 




^ 2 



In 



^cnd 

' M 

X 



(104) 



Here we have used the fact that, in a fiaton potential of 
the form 

oo 



where the nth term dominates: 



M 



P = [2("- 
Vo= [2(n- 



2{n+ l)m^, 

1) (n- 

2) ] 



2)A„ 



— 1 ~ ? 



(105) 

(106) 
(107) 
(108) 



It is worthwhile to mention that the potential is stabilized 
by non-renormalisable terms. Otherwise, the vacuum ex- 
pectation value M would not be much bigger than m^, 
spoiling the suppression of the unwanted relics. 

Guided by the result in we proceed to implement 
a second inflationary stage into our curvaton scenario 
in order to lower the main inflationary energy scale. If 
this second epoch of inflation is the thermal inflation one 
devised in 2^ we would be solving not only the 

issue of the ordinary inflation energy scale but also the 
moduli problem present in the standard cosmology. 

In this new scenario the scalar potential would be com- 
posed of the usual potential terms for the curvaton and 
the flaton fields, as well as for a quartic interaction term 
between the two fields: 

Vix,a) ^ Vo-{ml~gT')\x\' + ml\a\' + X\x\'\a\' + 



ml 



Vo 



2(n+l)(m2-A|a|2), (111) 
[(n + 2)A„]-i(m2 - A|a|2), (112) 

(113) 



[2(n + 2)]-i(m^M2) |,^o • 



When the thermal energy density falls below Vo+ml.al 
thermal inflation begins. This period lasts until the tem- 
perature is of the order the effective mass of the flaton 
field which is m^ = {ml — AcrJ)^/^. Note that AcrJ < ml 
because otherwise there is no thermal inflation. Then, we 
obtain a first constraint on the value of the parameter A: 



A < 



m 



10-2 GeV^ 

-"*"dcc 



(114) 



where we have used the Eq. Hll() and focused on m^^ ~ 
10'^ GeV which comes from the gravity- mediated SUSY 
breaking contributions. 

When thermal inflation ends the thermal energy den- 
sity is no longer dominant. The Hubble parameter at the 
end of thermal inflation is then associated to the energy 
density coming from the curvaton and the flaton fields: 



rr2 _PT 

osc 



V{x^O,a^a.) 



mlA'P 



so that 



IQ-i'^M, 



and therefore the parameter / [cf. Eq. H13() ] is 



Ho. 



10 



-16 



M 



(115) 



(116) 



(117) 



n=l 



A„m72"i..|2"+4 



(109) 



As an example we are going to focus in a value for the gravitino 
mass m3/2 of order ~ 10^ GeV which comes from gravity- 

mediated SUSY breaking. 



where M = \cr=o is somewhere in the range 

10^ GeV < M < 10^*^ GeV. 

With this so-low value for the Hubble parameter at the 
end of thermal inflation, the parameter 5 [cf. Eq. H27|l ] 
is 



(118) 
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so that the bounds in Eq. and Eq. become^° 



> IQ-" GeV 



'"'T ' 'dec 



iJ, > 10-^ GeV^/^ 



(119) 
(120) 



The effective mass of the curvaton field after the end of 
thermal inflation, i.e., when x = ^^'^ = are the 
average values of the flaton and the curvaton fields, is 



= {ml + AA/2)i/2. 



(121) 



Note that we are focusing in the case which refers to 
a final curvaton decay rate To- smaller than the Hubble 
parameter at the beginning of the oscillations Hqsc ■ This 
is to make the curvaton field decay before the flaton field 
so that we can keep working in the simplest curvaton 
scenario where the curvaton field oscillates in a radiation 
background 2a:lflJ- 

Making use of the constraint in Eq. (|114|l and the 
expression in Eq. (|121|l . and taking into account that 
the bare curvaton mass TOo- is smaller than the Hubble 
parameter i?osc at the end of thermal inflation, we obtain 
an upper bound on the effective mass of the curvaton 
field: 



< 10^1 GeV 



M 



(122) 



This bound is consistent with Eq. pi9|) . When the Eq. 
(inSIl is applied to the Eq. JEOI), we obtain a lower bound 
for which is consistent with low-energy scale inflation: 



(123) 



The last inequality is stronger than that of Eq. H119|) 
only while the effective mass of the curvaton field is 

> 10^ GeVi"/"Mi/"f]^/J\ (124) 
otherwise, we still need to consider the expression in Eq. 



B. Required parameter space 

Once we have checked the viability of a low-energy 
scale inflation we proceed to investigate the required 
range of values for the parameters of the Lagrangian. 
Hereafter we are going to focus on the gravity-mediated 
SUSY breaking scheme where the Hubble parameter dur- 
ing inflation is H^, ^ ^3/2 ^ 10^ GeV. After thermal 
inflation has ended, the flaton and curvaton fields start 



In the heavy curvaton mechanism e = 1 because there is no 
ampUfication of the curvaton perturbations. 



to oscillate, eventually decaying into thermalised radia- 
tion. The decay process is distinguished by the decay 
rate. The field with the biggest decay rate will decay 
first. The flaton and curvaton decay rates are given by 



r,«7x^ and r.«7.;^, 



(125) 



with 7x ^ 1 and ^„ > \. Since the curvaton mechanism 
must not be modified, the fiaton field must decay well 
before the curvaton decay. This requires 



.3 3 1046 GeV'^ 



(126) 



Now, using the expression in Eq. (|119(l . which is valid 
for m„ < 102 GeV^°/"Afi/"17^/" [cf. Eq. jEl], we 
require 



(127) 



in order to obtain low-energy scale inflation. Note that, 
combining the above with Eq. I|117|l . we find 



/<io-5Vai^«i, 



(128) 



as required by the heavy curvaton scenario. Similarly to 
the above, using the expression in Eq. H120I) . which is 
valid for m„ > 10^ GeV^°/"Mi/iil7^^" [cf. Eq. fl^ ]. 
we require 



(129) 



Thus, for values of to^ less than 
102 GeV^°/"Mi/"r2^/" the required range of val- 
ues for is: 

10""M < < 10^ GeV^°/"A/i/", (130) 

where the lower bound comes from the Eq. H127|l . The 
vacuum expectation value M is in the range 



10^2 GeV < M < lO^'^ GeV. 



(131) 



where the lower bound comes from the solution to the 
moduli problem as we will see later, and the upper bound 
comes from the Eq. (|130|) . On the other hand, for values 
of TO„ bigger than 10^ GeV^°/"Mi/"f7^^" the required 
range of values for •fha- is: 

max{102 GeVi*'/"Afi/", 10"^" GeV-^M^} < 

<m„< 10^^ GeV^/V^^^^^ (132) 

where we have used the Eqs. (|126|l and (|129|l . and M 
can be up to mp. We have considered all the other pos- 
sible constraints on rh^ and found they are irrelevant 
compared with those in Eq. (|130|1 and Eq. (|132|l . 
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Required log A — log M parameter space 




13 13.5 14 14.5 15 



log (M/GeV) 



FIG. 2: Required \ — M parameter space (grey region) as a 
logarithmic plot. The two lines in the middle of the graph 
correspond to the limits in Eq. 11301 which are valid up 
to the meeting point of the three lowest lines. The slanting 
lines correspond to the limits in Eq. 113211 . Note that it is 
impossible to satisfy the conditions in Eq. (11321 beyond the 
meeting point of the uppest and the lowest lines. 



Figure 13 shows the required parameter space A vs M 
(grey region) as a logarithmic plot. We have made use of 
the definition of the curvaton effective mass rh„ in terms 
of the coupling constant A and the vacuum expectation 
value M: 



ml 



(133) 



and the required parameter space rh^ vs M studied be- 
fore. Note that for values of M higher than ~ 10^^ GeV 
it is impossible to satisfy the Eq. (|132|l . so our final range 
for M is 



10^2 GeV < M < 10^^ GeV. 



(134) 



The required values for A are in agreement with the 
upper bound in the Eq. (|114|l : 



A < 



10^ GeV^ 



and with the lower bound 

tt2 

A > "''^ - 



M2 



3m% 



10- 



10" 



-31 



(135) 



(136) 



which follows from > Ho 



Once we have found the required parameter space for 
A we must do the same for the other relevant parameter 
of the Lagrangian: the bare mass of the curvaton rria. 
The first bound we have to take into account is 



(137) 



which is related to the fact that the oscillations of the 
curvaton around the minimum begin due to the sudden 
increment in the curvaton mass at the end of thermal 
inflation. There are other two bounds on we should 
take into account. In order to get these bounds, and 
to understand the lower bound M > 10^^ GeV, we must 
study the solution to the moduli problem. 



C. Solution to the moduli problem 

Among the unwanted relics that the inflationary epoch 
is not able to dilute are the moduli. Moduli fields are fla- 
ton fields with a vacuum expectation value of order the 
Planck mass. The decays of the flaton and the curvaton 
fields increment the entropy, so that the big-bang mod- 
uli abundance, defined as that produced before thermal 
inflation and given by 



$2 



3/2 1/2' 

lump m^ 



(138) 



where $o is the vacuum expectation value of the moduli 
fields, gets suppressed by three factors: 



^PR 



PR 



9*{Tc) 



(139) 



due to the parametric resonance process following the 
end of the thermal inflation era, where Tpn is the tem- 
perature just after the period of preheating and Tc is the 
temperature at the end of thermal inflation. 



A. 



(140) 



PR 



due to the flaton decay, where is the temperature just 
after the decay^^, and /? is the fraction of the total energy 
density left in the flatons by the parametric resonance 
process (/? ~ 1), and 



(27rV45)5*(T^)r3 



(141) 



due to the curvaton decay, where Tdcc is the associated 
reheating temperature which must be bigger than 1 MeV 



This is assuming that the flaton has come to dominate the energy 
density just before decaying. 
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not to disturb the nucleosynthesis process"'^^. This en- 
hancement in the entropy depends on the temperature 
just after the flaton decay 



10" GeV^ 
M 



^1/2 
'X ' 



(142) 



which is obtained by setting ^ H and assuming that 
the flaton decay products thermalise promptly. Thus, the 
abundance of the big-bang moduli after thermal inflation 
is: 



s 



10^8 GeV« m-2M-6^2 



( ±<lY ( ^doc \ ( Tc_^ ^ 
\mp J Vl McV/ \mis. 



Gov V 



The lower bound 



rric 



> 



10^° GeV^ 
M3 



(143) 



(144) 



is obtained when taking into account the restriction 
n<s>/s < 10~^^ coming from nucleosynthesis 1^3 ■ 

Let's have a look at the thermal inflation moduli abun- 
dance defined as that produced after thermal inflation: 



s 



(27r2/45)3.(TpH)T^^A^A„ 



10 



-6 GeV4m-2Af^2 2 . 

]_ / 10^ G 

dec \ 



lOO/SmlmJOdccmpff? 
2 



10^ GcV 



McV; /3 
2 



M2 ; Od, 



GeVV 



(145) 



To suppress the thermal inflation moduli at the required 



level n$/s < 10 



-12 



we require 

10^ GeV^ 



> 



M 



(146) 



The Eqs. p44|) and p4t)|) are the other two bounds we 
have talked about before, and we have to complement 
them with that already found in Eq. (|137|l : 



1030 GeV* 10^ GeV^ 



Af3 



M 



<ma< 10"'''A/(147) 



This required parameter space is shown in Figure|3|(grey 
region) as a logarithmic plot. 



Rficjuired log — log M parameter space 




logVGeV 



13 13.5 14 14.5 15 



log (Af/GeV) 



FIG. 3: Required rria—M parameter space (grey region) from 
Eq. I|147|l as a logarithmic plot. The smallness of the bare 
curvaton mass ma suggests the curvaton could be a PNGB. 



The Eqs. (|143|l and H145(l give us information about 
the necessary conditions for the suppression of the big- 
bang and thermal inflation moduli, but they are based 
on the unknown parameters M and ma-. Since we still 
need to know if the range M < 10^^ GeV, required to 
obtain a low-energy scale inflation, is not forbidden by 
the requirements coming from the solution to the moduli 
problem, we must find a mo--independent relation on A/. 
This relation can be found noting that the increment in 
the entropy due to the curvaton decay (Eq. 1141(1 can be 
written in an alternative way: 



g* (Tdoc) 



1/4 



(148) 



so the abundance of big-bang moduli after thermal infla- 
tion is: 



s 



lO^gTyTg(l-ndec)^^^ 

7777 372 



^ 1024GeV3A//-^i/2(l-f^doc)'/'(;|^; 
This means that 



M > 10'^ GeV 



(150) 



We have assumed that does not change appreciably from the 
time when T = Tc to the time when T = T-^- This is a good 
approximation since 3> To-. 



to satisfy n$/s < 10^^^. This is the lower bound on M 
we have used throughout the paper. 

Of course we might have considered the scenario where 
there are no moduli fields at all. Without the introduc- 
tion of the moduli problem the Eqs. 1144|) and H14t)|) 
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become unnecessary, and the two lowest lines in Figure 
13 disappear. This does not help for the improvement of 
the required range of values for rua- but it does for A as 
the lower bound on M in Eq. 115UII becomes replaced 
by M 10'^ GeV, which comes from the definition of 
the flaton fields. In this way the range of values for Af 
extends to smaller values well below 10^^ GeV until the 
coupling constant A eventually reaches the lower bound 
10-3. 

The introduction of a period of thermal infiation into 
our curvaton scenario has helped us not only to lower 
the energy scale of the main infiationary epoch, but 
also to solve the moduli problem still present after or- 
dinary inflation. The required parameter space has been 
sketched in Fig. |21 and and the vacuum expectation 
value for the flaton field has been showed to be in the 
range 10^^ GeV < M < 10^^ GeV. The required param- 
eter space rha — M suggests the curvaton field could be a 
PNGB . This is because in the presence of supergrav- 
ity all the scalar fields, whose masses are not protected 
by a global symmetry, acquire soft masses of the order of 
the gravitino mass. The smallness of the curvaton mass is 
in turn because of the very small value for Hose- The pa- 
rameter Hose is directly proportional to M, so the bigger 
M is, the more possible to obtain a range of values for mo- 
compatible with the soft supersymmetric contributions. 
A higher required value for M might be achieved in a 
scenario with two bouts of thermal inflation as suggested 
in '28]. This would open the possibility of obtaining a 
higher range of required values for TOo-, but more investi- 
gation is needed since the scenario proposed in might 
change with the introduction of the curvaton field. We 
should also look for a mechanism to improve the required 
range of values for the coupling constant A in presence of 
the moduli problem. 



V. CONCLUSIONS 

We have presented two different types of curvaton sce- 
nario, in which the Hubble scale of infiation can be much 
lower than ~ lO^GeV, which is the default lower 
bound for the standard curvaton model (31 ■ The first 
of these scenarios considers a PNGB curvaton, whose or- 
der parameter increases after the cosmological scales exit 
the horizon during inflation. The second scenario consid- 
ers a curvaton, whose mass, being appropriately Higgsed, 
is substantially enlarged at a phase transition after the 
end of inflation ("heavy curvaton"). We have shown that 
both of these mechanisms are indeed able to accommo- 
date inflation scales as low as i?* ~ 1 TeV or even lower. 

In particular, in the case of a PNGB curvaton, we have 
derived that the lower bound on is reduced as e^^^, 
where e ~ /wq is a measure of the growth of the order 
parameter v. We have shown that, the rate of variation of 
the order parameter (determined by the value of the ra- 
dial field of our PNGB curvaton) during inflation, when 
the cosmological scales exit the horizon, should not be 



too large because, otherwise, it endangers the scale in- 
variance of the density perturbation spectrum. Hence, 
the radial field must at most slow-roll when the cosmo- 
logical scales exit the horizon. However, we need a sub- 
stantial total variation of the radial field to achieve an 
adequately small e. This turns up to be a tough require- 
ment to meet in model-building. Nevertheless we did 
come up with a number of successful realisations. In fact, 
we studied three different models for attaining a small e. 
The first model considers a symmetry breaking during 
infiation, which releases the radial field associated with 
our PNGB from the origin. To preserve scale invariance 
we have seen that a running tachyonic mass is required so 
that our radial field slow rolls at first but runs faster after 
the exit of the cosmological scales from the horizon. Our 
results showed that, by tunning the parameters, a mod- 
erate relaxation of the lower bound to the infiationary 
scale can indeed be achieved in the supersymmetric case, 
when the potential is stabilised by non-renormalisable 
terms. A renormalisable non-supersymmetric Coleman- 
Weinberg potential, though, does much better without 
any significant tunning. The second model assumes a 
suitable coupling between the infiaton field and the ra- 
dial field, such that the order parameter of the PNGB is 
modulated by the variation of the infiaton. The model 
is similar to smooth hybrid inflation in the sense that 
the radial field, which lies at the temporary minimum of 
its potential, slowly moves away from the origin as its 
potential changes due to the roll of the infiaton. Again 
we find that a moderate relaxation of the lower bound 
on the inflationary scale is possible. However, one needs 
to constrain the vacuum expectation value (VEV) of the 
radial field accordingly, at some appropriate intermedi- 
ate scale. Another disadvantage is that we need slow-roll 
infiation in order to avoid spoiling the scale invariance of 
the perturbation spectrum, even though these perturba- 
tions are not due to the infiaton field. Our third model is 
the most promising one. Here we introduced a coupling 
between the radial field of our PNGB curvaton and the 
waterfall field of hybrid infiation. The latter is kept at 
the origin during infiation, which means that our radial 
field (which again lies at the temporary minimum of its 
potential) also remains constant. At the end of infia- 
tion, however, the waterfall field rushes toward its VEV. 
Consequently the potential of our radial field changes ac- 
cordingly and the radial field grows substantially, allow- 
ing for a really small e. In this case, we have found that 
the we can achieve inflation with Hubble scale as low as 
i/* ~ 10 GeV regardless of the value of the VEV of the 
waterfall field and only with a reasonable upper bound 
on the coupling. Note also, that the model works well 
even when considering fast-roll hybrid infiation j27j . 

In the heavy curvaton scenario we have worked as 
follows. We have implemented the idea of a ther- 
mal inflation epoch, introduced in Refs. [2^ |2^ [s^l 
to solve the moduli problem, as a second inflation- 
ary period necessary to lower the energy scale of the 
main inflationary stage. In our model, a flaton field x 
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with bare mass coining from soft supersymmetric con- 
tributions and vacuum expectation value in the range 
10^2 GeV < M < 10^^ GeV, is held at the origin of the 
scalar potential by finite-temperature effects. These ef- 
fects are associated to the thermal background created by 
the main reheating epoch. When temperature falls below 
Vq thermal inflation begins. This period of thermal infla- 
tion lasts around ten e-folds until the temperature falls 
below liberating the flaton field to roll away toward 
the minimum of the potential. The curvaton field is cou- 
pled to the flaton one so its mass is largely increased at 
the end of thermal inflation. This increment is enough 
to lower the bound on H^, to satisfactory levels, with- 
out sending the non-gaussianity constraint to the limit. 
However, the energy scale of the thermal inflation epoch 
is very small, requiring in turn a bare mass for the cur- 
vaton field of at most 10^"' — 10^^ GeV. Taking into ac- 
count the soft supersymmetric contributions to rria-, the 
required smallness of points toward using a PNGB 
curvaton to achieve low-scale inflation. 

Neither of the types of mechanism that we presented 
is completely compelling. The first one suffers from the 
problem of arranging for the appropriate behaviour of the 
radial field of the PNGB curvaton. The value of the ra- 
dial field should undergo significant growth in total but, 
when the cosmological scales exit the horizon, the field 
should be at most slowly rolling. One possibility is con- 
sidering a phase transition leading to spontaneous sym- 
metry breaking. Just after the transition the effective 
tachyonic mass of the radial field is suppressed and the 
field is indeed slowly rolling. But why does the phase 
transition take place during inflation at a suitable time. 



instead of much earlier or later? That is a good question, 
though it has not prevented several authors from invok- 
ing such a phase transition for other purposes. It might 
perhaps be natural if the inflaton and the symmetry- 
breaking field are related in some way. For example, one 
possibility is considering inflation, which lasts only a lim- 
ited number of e- foldings, such as fast-roll inflation 
or locked inflation J^^]. In this case, it is possible that 
the required phase transition occurs at (or just after) the 
onset of inflation [s^l- Other solutions to the problem 
of the behaviour of the radial field require particular re- 
alisations, which may well work (as we showed) but the 
results are highly model dependent. 

The second mechanism suffers from the problem that 
the mass of the curvaton before oscillation, as well as 
its coupling, have to be much smaller than one would 
expect. In a companion paper [T^ it will be shown how 
this tuning problem can be at least alleviated. 
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